Alkaline phytase activity, with a pH optimum of 8, was recovered from detergent extracts of dormant seeds of nine vaneties of Phaseolus vulgaris L., Pisum sativum L. var. Early Alaska, and Medicago sativa L. This alkaline phytase of legume seeds was activated by calcium and differed from most seed phytases in its relative insensitivity to inhibition by fluoride. activity differed from the pH 5 phytase in its relative insensitivity to inhibition by fluoride and the more pronounced enhancement of its activity by calcium.
activity differed from the pH 5 phytase in its relative insensitivity to inhibition by fluoride and the more pronounced enhancement of its activity by calcium.
MATERIALS AND METHODS

Seeds
Many plant seeds contain significant amounts of phytic acid (myo-inositolhexakisphosphoric acid) which is degraded during germination by one or more phytases (myo-inositolhexakisphosphoric acid phosphohydrolase) (15) . Phytic acid thus serves as an important store of phosphate and inositol, which is mobilized during seed germination. There is evidence that phytic acid also serves as an important antioxidant, contributing to the longevity of dormant seeds by preventing lipid peroxidation (8) .
Seeds contain both constitutive phytase activity and phytases that are synthesized de novo during germination (14) . Most seed phytases which have been studied to date belong to a special class ofnonspecific acid phosphatases with optimal activity between pH 4.0 and 5.6. In addition to phytic acid hydrolysis, these enzymes are able to hydrolyze a variety of natural and synthetic phosphate esters. In terms of the rate of hydrolysis, phytic acid has occasionally been shown to be one of the poorer substrates for seed phytase (1 1, 13).
Phytases which are relatively specific for phytic acid have been isolated from Typha lattifolia pollen (9) and Lilium longiflorum pollen (2, 16) . Solubilization ofthe L. longiflorum phytase was greatly enhanced by extraction with nonionic detergents. These pollen phytases differ from seed phytases in that they have optimal activity at pH 8 and are strongly activated by calcium (9, 16) .
The investigations reported here were undertaken to determine whether seeds contain detergent-extractable phytases which have been overlooked in previous investigations of buffer-soluble seed phytases. Seeds from Pisum sativum, Medicago sativa, and nine varieties of Phaseolus vulgaris were homogenized and extracted in the presence of the nonionic detergent Triton X-100 and analyzed for phytase activity. In addition to the typical phytase activity measured at pH 5, all seeds tested had significant phytase activity with a pH optimum near pH 8 (pH 7.6) without Triton X-100. The dialyzed extracts were used for phytase assays without further purification.
Phytase Assays
The reaction mixture for phytase assay contained 0.1 M Tris-HCI (pH 8.0) or 0.1 M sodium acetate (pH 5.0), 1 mM sodium phytate, 1 mm CaCl2, and an appropriate dilution of seed extract in a total volume of 1.2 mL. CaCl2 was omitted in some experiments. After incubation at 37°C for 60 min, the reaction was stopped by addition of 0.8 mL 10% TCA. The precipitated protein was removed by centrifugation and the supernatant was analyzed for inorganic phosphate by a modification of the procedure described by Ames (1) . Since considerable starch remained in suspension after TCA precipitation and centrifugation of the reaction mixture, addition of the acid molybdate reagent resulted in a cloudy solution making accurate absorbance determinations impossible. Inclusion of 50% DMSO in the molybdate reagent eliminated (10) . Briefly, seeds were ground to a fine powder with a mortar and pestle and extracted with 0.5 M HCl (10 mL/g seeds) for 1 h at room temperature on a rotary shaker operating at 180 rpm. After centrifugation at 12,000g for 5 min, 1 mL of clear supernatant was diluted to 5 mL with distilled water and loaded onto a column (1 mL) of Dowex 1 X8 (Cl-form). The column was first washed with 10 mL of 0.1 M HCI and then phytic acid was eluted with 15 mL of 1.0 M HCI. Paper electrophoresis of the 1.0 M HCI wash revealed only one phosphate-positive spot which comigrated with authentic phytic acid. The total phosphate content of the 1.0 M HCI eluent was determined (1) and the concentration of phytic acid was estimated assuming 6 moles phosphate per mole phytic acid.
RESULTS
Phytic Acid and Phytase in Seeds
All nine varieties of bean, and the pea and alfalfa seeds tested contained significant amounts of phytic acid. The values for phytic acid contents of seeds listed in Table I are consistent with previous reports (6) and range from a low of 6 .00 ,smol/g (0.4% fresh weight) in pea to a high of 14.55 ,gmol/g (0.96% fresh weight) in alfalfa. The phytic acid content of bean seeds differed significantly among the varieties tested and was not correlated with measured phytase activities.
Phytase activity at pH 5 and at pH 8 was detected in all seed extracts (Table I ). The amount of extractable phytase activity varied among the seed varieties tested. In six of the nine bean varieties, phytase activity at pH 8 was greater than at pH 5. In three of these cases, nearly twice the phytase activity was measured at pH 8 compared with that at pH 5. In the absence of Triton X-100, very little phytase activity at pH 8 was extracted from seeds. These results are thus similar to those reported for the extraction of a phytase from lily pollen which also has a pH optimum of 8 and is most effectively extracted with nonionic detergents (2, 16). The phytases described in this report will hereafter be referred to as pH 5 phytase and pH 8 phytase.
Effect of Calcium on Phytase Activity
Since the phytase activity at pH 8 from lily pollen was significantly enhanced by calcium, the effect of calcium on the pH 8 
Effect of Fluoride and pH Optimum of the Alkaline Phytase
Since fluoride inhibits the activity of many plant phytases (14) , but not the pH 8 phytase from lily pollen (2), the effect of fluoride on the phytase activities of pinto bean seeds was investigated. Sodium fluoride at 50 mm inhibited phytase activity at pH 5 by 90% (0.010 nkat/mL compared with 0.095 nkat/mL in control assays). In contrast, fluoride had very little effect on the phytase activity at pH 8 (0.150 nkat/mL compared with 0.166 nkat/mL in control assays). In this Plant Physiol. Vol. 95, 1991 respect, the two phytases extracted from pinto bean seeds resemble the constitutive phytases of lily pollen.
The inhibition by fluoride of phytase at pH 5 and the relative insensitivity of the pH 8 phytase to fluoride allowed a more precise analysis of the pH optimum of the latter phytase activity. Pinto bean phytase activity was measured in the presence of 50 mm sodium fluoride from pH 3.5 to 6.0 (0.1 M sodium acetate buffer), pH 6.0 to 7.5 (0.1 M Trismaleate buffer), and from pH 7.0 to 9.5 (0.1 M Tris-HCl buffer). The fluoride-insensitive phytase does indeed have optimum activity at pH 8 (Fig. 1) .
DISCUSSION
These results demonstrate the presence in legume seeds of additional phytase activity which differs significantly from the acid phytases typically extracted from seeds. That this activity has been overlooked in previous studies of seed phytases is probably due to the need for extraction in the presence of nonionic detergent to efficiently solubilize the alkaline phytase. Phytase activity has been localized at the subcellular level in protein bodies in aleurone layers of cereal grains (4, 17) and is associated with membranes of phytin storage body organelles in lily pollen (2) . These organelles are easily pelleted at low centrifugation speeds, so tightly associated phytases would not likely be recovered in supematants during extrac- tion protocols which do not involve detergents to disrupt the organelle membranes and solubilize the enzyme. The pH 8 phytase reported here may also be localized in protein bodies or some other phytin-storage organelle.
Several phytases are activated by divalent cations. The calcium activation of the pH 8 phytase of beans reported here (about 150% of control) compares with the effect of calcium on phytases of other legume seeds (5, 12) . This activation may very well be the result of an effect of calcium on the substrate phytic acid rather than a direct effect on the phytase. Phytic acid is a calcium chelator and forms two specific soluble Ca2+-phytate complexes (Ca,-phytate and Ca2-phytate) at low calcium concentrations (7) . A thorough investigation of the role of calcium in phytase activation and the chemical nature of the phytase substrate is needed to resolve this question.
The mobilization and hydrolysis of phytic acid stores is of critical importance during seed germination. This discovery of new phytases from legume seeds illustrates that our understanding of the enzymology of phytate breakdown is far from complete. Given that only a few phytases have been localized at the subcellular level and that most plant phytases have broad substrate specificity, the exact role of these enzymes in phytic acid mobilization remains unclear. A pH 8 phytase from lilv pollen which shares some properties with the pH 8 phytase of beans was shown to be highly specific for phytic acid (2) . While the substrate specificity of the phytase activity described here must await further purification of the enzyme, its pH optimum, extraction with nonionic detergent, and insensitivity to fluoride make it unusual among plant seed phytases. Purification and further characterization ofthe bean phytases are in progress.
